The progression of prostate cancer from an organ-confined, androgen-sensitive disease to a metastatic one is associated with dysregulation of androgen receptor (AR)-regulated target genes and with a decrease in insulin-like growth factor-I receptor (IGF-IR) expression. To investigate the differential effects of wild type (wt) and mutant AR on IGF-IR levels we employed a series of isogenic prostate-derived cell lines and human xenografts. We show that basal and phosphorylated IGF-IR levels progressively decreased as prostate cancer cells became more tumorigenic and metastatic. In addition, we show that wt, but not mutant, AR along with dihydrotestosterone treatment increased IGF-IR promoter activity and endogenous IGF-IR levels. ChIP analysis show enhanced AR binding to the IGF-IR promoter in AR-overexpressing cells. Finally, wt AR-overexpressing cells display an enhanced proliferation rate. In summary, we provide evidence that activated wt AR enhances IGF-IR transcription in prostate cancer cells via a mechanism that involves AR binding to the IGF-IR promoter. AR mutations alter the ability of the mutated protein to regulate IGF-IR expression. Our results suggest that prostate cancer progression is associated with a decrease in IGF-IR expression that could be the result of impaired ability of AR to stimulate IGF-IR gene expression.
Introduction
Prostate cancer is a major health issue in the Western world (Deutsch et al., 2004) . A key component of the androgen transduction cascade is the androgen receptor (AR). Alterations in AR structure and expression are responsible for the progression of the androgen-dependent (AD) tumor to a more aggressive, hormonerefractory, androgen-independent (AI) stage. Progression of the tumor from an organ-confined, androgen-sensitive disease to a metastatic one is associated with dysregulation of AR-regulated targets and up-regulation of AR expression (Culig et al., 1993; Schroder, 1993) .
The insulin-like growth factors have important roles in normal growth as well as in tumor development (Khandwala et al., 2000; Samani et al., 2007; Werner and Maor, 2006) . In the specific context of prostate cancer data has accumulated suggesting that IGFs play a role in prostate epithelium transformation (Cohen et al., 1991; DiGiovanni et al., 2000; Kaplan et al., 1999; Roddam et al., 2008; Ruan et al., 1999) . The contribution of IGF action to prostate cancer is supported by epidemiological studies showing an increase in serum IGF-I levels in patients who later developed prostate cancer (Chan et al., 1998) . Acquisition of the malignant phenotype is initially IGF-IR-dependent, however, the progression of prostate cancer from an AD to an AI disease is associated with a decrease in IGF-IR levels Wu et al., 2006b ). Likewise, IGF-IR expression is extinguished in a majority of human cancer bone marrow metastases (Chott et al., 1999) . In addition, Sutherland et al. (2008) showed that prostate epithelial-specific deletion of IGF-IR accelerated the emergence of aggressive prostate cancer. The molecular mechanisms responsible for regulation of the IGF-IR gene in prostate cancer, however, remain largely unidentified.
AR is a ligand-dependent transcription factor that belongs to the steroid receptors superfamily (Lee and Chang, 2003) . Our understanding of the joint regulation of the androgen and IGF systems in prostate cancer is limited. Early reports indicated that IGF-I transactivates the AR in prostate cancer cells (Culig et al., 1994) . Other studies have shown that IGF-I enhanced androgen-mediated AR transcriptional activity but was unable to transactivate the AR in the absence of androgens (Orio et al., 2002) . Recently, one of us has shown that the effect of IGF-I on AR transcriptional activity is even more complex and depends on cell context . Lin et al. (2001) have shown that IGF-I phosphorylates AR at Ser210 and Ser790. AR phosphorylation may inhibit AR-mediated apoptosis, possibly by inhibiting the interaction between AR and coregulators. In addition, IGF-I may sensitize the AR transcriptional 0303-7207/$ -see front matter © 2010 Elsevier Ireland Ltd. All rights reserved. doi: 10.1016/j.mce.2010.04.017 complex to subphysiologic levels of androgens in LNCaP cells (Bakin et al., 2003) . Little data, however, is available regarding the regulation of IGF-IR expression by androgens. Recently, Pandini et al. (2005) have shown that androgens induced IGF-IR up-regulation via a non-genomic AR pathway.
The mechanisms responsible for the differential regulation of IGF-IR gene expression in benign in comparison to malignant prostate tumors are unknown. Furthermore, little information is available regarding the differential control of IGF-IR gene expression by wild type (wt) and mutated AR. In view of the fact that progression to advanced stage disease is associated with acquisition of AI, understanding the involvement of AR in regulation of IGF-IR expression and action is of cardinal importance. The purpose of this study was to investigate the effect of wt and mutant AR on IGF-IR expression and signaling in a cellular model of tumor progression. Our results demonstrate that AR re-expression in the M12 human prostate cancer cell line led to a significant increase in IGF-IR expression and activation, proliferation rate, and IGF-IR promoter activity. On the other hand, mutant ARs were impaired in their ability to regulate IGF-IR expression. Furthermore, following castration, when AR expression increases significantly and drives prostate cancer progression in the absence of ligand, IGF-IR is suppressed (Chen et al., 2004) . In addition, chromatin immunoprecipitation assays showed that regulation of IGF-IR expression by AR is mediated via direct binding of AR to the IGF-IR promoter region.
Materials and methods

Cell cultures
The human prostate cancer experimental system employed was previously described (Bae et al., 1994 (Bae et al., , 1998 . The derivation of the cell lines is summarized in Fig. 1A . Cells were maintained in RPMI-1640 medium (Biological Industries, Kibbutz Beit Haemek, Israel). The media were supplemented with 5% fetal bovine serum (FBS), 2 mM glutamine, 50 g/ml gentamicin sulfate, 10 ng/ml EGF, 0.1 nM dexamethasone, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml selenium (Damon et al., 2001) . All reagents were purchased from Biological Industries.
Prostate xenografts
The human prostate xenografts LuCaP 23.1 and LuCaP 35 have been described (Corey et al., 2002 (Corey et al., , 2003 Wu et al., 2005 Wu et al., , 2006a . LuCaP 96 was derived and maintained in a similar manner to LuCaP 23.1 and LuCaP 35. LuCaP 96 has a wt AR and is maintained by passage in SCID mice. Briefly, tumor bits from the xenografts were implanted sc into the flanks of 20 male non-castrate SCID mice as previously described (Corey et al., 2003) . Animals were followed and when tumor volume reached 100 mm 3 half of the animals were castrated. Animals were followed until tumors reached a volume of 400 mm 3 . In the case of the castrated animals tumors initially regressed and then recurred. Mice were euthanized and tumors harvested when they reached a 1000 mm 3 volume. All procedures were approved by the University of Washington Animal Care and Use Committee.
Western immunoblots
Cells and xenograft tissues were processed as described (Damon et al., 2001) . Samples were subjected to 10% SDS-PAGE. Blots were incubated with a polyclonal human IGF-IR ␤-subunit antibody (Santa Cruz Biotechnology), washed, and incubated with an horseradish peroxidase-conjugated secondary antibody. In addition, blots were incubated with antibodies against AR, tubulin, phospho-IGF-IR, and actin.
Immunoprecipitation (IP) assays
Cells were treated, harvested, and lysed as described above. Lysates were precipitated overnight with anti-human IGF-IR ␤-subunit. The precipitates were incubated with protein A/G beads for 3 h. Precipitates were washed, subjected to 10% SDS-PAGE, and blotted with anti-phosphotyrosine.
Plasmids and DNA transfections
Expression vectors encoding wt mouse AR, and E231G (human E251G), and T857A (human T877A) mutants have been described (Han et al., 2005) . For cotransfections, an IGF-IR promoter luciferase reporter construct, [p(−476/+640)LUC], was employed (Werner et al., 1994) . P69 and M12 cells were transfected with 1 g of the p(−476/+640)LUC reporter construct, along with 1 g of the wtAR/T857A/E231G expression vectors (or pcDNA3) and 0.3 g of a ␤-gal expression plasmid (pCMV-␤, Clontech) using Jet-PEI TM (Polyplus, Illkirch, France). Twenty-four hours after transfection cells were treated with 10 −8 M DHT and, after an additional 24 h, cells were harvested and luciferase and ␤-gal activities were measured. Transfections were also performed in the LNCaP, PC3, DU-145, and C4-2 prostate cell lines. For stable transfections, M12 cells were plated in 6-well plates and transfected with wt AR, or T857A or E231G mutant expression vectors (or pcDNA3). After 24 h, selection by 500 mg/ml of G418 was started and after 2 weeks independent colonies were picked up and AR expression was assessed by RT-PCR.
RT-PCR for IGF-IR and AR mRNA expression
RNA was prepared from M12-derived AR transfectants and prostate cancer xenografts. One microgram of RNA was reverse transcribed and amplified by PCR. The primers used for IGF-IR mRNA were: sense, GAA-GTG-GAA-CCC-TCC-CTC-TC; anti-sense, CTT-CTC-GGC-TTC-AGT-TTT-GG. The size of the band was 275 bp. The primers used to confirm wt AR expression were P1F (ATG-TGC-CAG-CAG-AAA-CG) and P1R (CGG-TAC-ACA-TTG-AAA-ACC-A). The presence of point mutations E231G and T857A was confirmed by sequencing. GAPDH mRNA levels were measured as controls.
Chromatin immunoprecipitation (ChIP) studies
AR-transfected (or pcDNA3) M12 cells were incubated with formaldehyde (1%) for 10 min, after which cells were washed and harvested. Pelleted cells were resuspended in 1% SDS-containing buffer, incubated on ice for 10 min, and sonicated. Lysates were immunoprecipitated with anti-AR for 18 h at 4
• C. For PCR analysis of AR-immunoprecipitated chromatin, a set of primers encompassing the IGF-IR proximal promoter region (nt −469 to +288) was employed: sense, CTT-TCC-AGC-CGC-GCT-GTT-GTT-G; anti-sense, GGT-AAA-CAA-GAG-CCC-CAG-CCT-C. PCR was performed using TermalAce TM DNA polymerase (Invitrogen).
Cell proliferation assays
The growth rate of M12-derived AR-overexpressing cells was determined by cell counting as a function of time. Cells (1 × 10 5 cells/well) were seeded, allowed to attach for 24 h, and cultured for 72 h with daily medium changes. Cells were trypsinized after 24, 48, and 72 h and counted using an hemocytometer.
Statistical analysis
The statistical significance of the differences observed between groups was assessed using the t-test (two samples, equal variance). P < 0.05 was considered statistically significant.
Results
Basal IGF-IR levels in lineage-derived prostate cancer cell lines
To investigate the potential regulation of IGF-IR gene expression by AR during prostate cancer progression, the human prostate epithelial cell lines P69, M2182, M2205, and M12 were used. These cell lines provide a defined genetic lineage in which to study changes that occur during cancer progression (Akalin et al., 2001) . Results of Western blots (Fig. 1B) and IP (Fig. 1C) showed that basal IGF-IR levels decrease as prostate cancer cells become more tumorigenic and metastatic. Specifically, IGF-IR levels were higher in the non-tumorigenic prostate epithelial cell line P69 compared to its metastatic derivative, the M12 line. Intermediate IGF-IR levels were seen in the tumorigenic, but non-metastatic, M2182 and M2205 lines. These results replicate, in part, previously published data (Bae et al., 1994; Plymate et al., 1996) . In addition, corresponding decreases in basal pIGF-IR levels were noticed, consistent with a reduction in IGF-IR activation during progression. Finally, basal AR levels were very low in all four cells lines (Fig. 1B) .
Differential effects of wt and mutant AR on IGF-IR protein levels
To investigate the effects of wt and mutant AR on IGF-IR levels, M12 cells were stably transfected with vectors encoding wt AR or one of two different mutants: AR-T857A, that includes a mutation in the ligand-binding domain and, hence, shows a promiscuous ligand response, and AR-E231G, that includes a mutation in the conserved N-terminal domain, involved in interactions with coregulators. AR mRNA expression in stable-transfected M12-derived clones was monitored by RT-PCR. As shown in Fig. 2A , wt AR, AR-T857A, and AR-E231G mRNAs were expressed at similar levels in M12-derived transfectants. Furthermore, Western blots revealed that IGF-IR levels were largely enhanced in wt AR-expressing, but not mutant AR-expressing, M12 cells ( Fig. 2B and C) . These results were corroborated by IP, which confirmed that wt, but not mutant, AR increased IGF-IR levels (Fig. 2D ).
Effect of wt and mutant AR on IGF-IR promoter activity
To examine the hypothesis that AR regulation of IGF-IR expression is mediated at the transcription level, P69 and M12 cells were transiently transfected with a proximal IGF-IR promoterluciferase reporter [p(−476/+640)LUC], in the absence or presence of a wt AR vector, along with a ␤-gal vector. After 24 h cells were treated with 10 −8 M DHT (or left untreated) for 24 h, after which cells were harvested and luciferase and ␤-gal activities were measured (Rubinstein et al., 2004; Werner et al., 2007) . Coexpression of AR (in the absence of androgen treatment) had a paradoxical inhibitory effect on IGF-IR promoter activity (∼20% and ∼50% reductions in P69 and M12 cells, respectively) compared to the untreated control cells (Fig. 3A and B) . In contrast, DHT treatment enhanced promoter activity by ∼160% in wt AR-transfected P69 cells (Fig. 3A) and by ∼210% in M12 cells (Fig. 3B) . DHT had no effect in pcDNA3-transfected cells. Similar results (i.e., repression of promoter activity by AR without androgen treatment, and enhancement after DHT treatment) were seen in LNCaP, DU-145, C4-2, and PC3 prostate cancer cells (data not shown).
Next, we investigated whether AR mutation can alter its ability to enhance IGF-IR promoter activity. For this purpose, M12 cells were transiently cotransfected with the IGF-IR promoter reporter, along with AR-T857A or AR-E231G vectors (or wt AR or pcDNA3) and a ␤-gal plasmid. After 24 h cells were treated with DHT and, after an additional 24 h, cells were harvested and luciferase and ␤-gal activities were measured. As with wt AR, coexpression of mutant AR in the absence of androgens had an inhibitory effect on IGF-IR promoter activity (Fig. 3C) . In contrast, addition of DHT increased promoter activity in mutant AR-transfected cells compared to the untreated control cells, however the extent of transactivation was significantly reduced in comparison to wt ARtransfected cells (∼1.5-fold for T857A and ∼0.9-fold for E231G, in comparison to ∼2.2-fold for wt AR).
ChIP analysis of physical interactions between AR and the IGF-IR promoter
Next, the potential physical interaction between wt AR and the IGF-IR promoter was assessed using ChIP. Briefly, ARoverexpressing and control pcDNA3-transfected M12 cells were treated with 1% formaldehyde for 10 min, after which cells were lysed and immunoprecipitated with anti-AR or normal mouse serum. The AR-precipitated chromatin was amplified by PCR with a set of primers encompassing the proximal IGF-IR promoter region extending from nt −469 in the 5 flanking region to nt +288 in the 5 untranslated region. Results obtained showed that AR binding to the IGF-IR promoter was largely enhanced in AR-overexpressing, in comparison to control, cells (Fig. 4A) .
Effect of wt and mutant AR expression on cell proliferation
To assess the impact of AR on cell proliferation, wt or mutant AR-overexpressing M12 cells were plated in 6-well plates (1 × 10 5 cells/well) and counted after 24, 48, and 72 h. Results obtained indicate that wt AR-overexpressing M12 cells consistently displayed an enhanced proliferation rate in comparison to pcDNA3-transfected cells (approximately 1.3-fold increase at 72 h, p < 0.05, in three independent experiments). On the other hand, no significant enhancement in proliferation rates were seen in AR-T857A or AR-E231G overexpressing, compared to pcDNA3-transfected, cells (Fig. 4B ).
Effect of castration on xenografts
Following castration and regrowth of the tumor there was an increase in both AR mRNA and protein expression (Fig. 5) . The levels of receptor and magnitude of change varied between xenografts, however, within each xenograft the level of AR expression and change with castration were consistent. Also, while AR levels increase after castration, IGF-IR levels decrease significantly, p < 0.01.
Discussion
The involvement of IGF-IR in the initiation and progression of prostate cancer has been the subject of extensive investigation. Contradictory reports, however, have been presented regarding the pattern of IGF-IR expression throughout the various stages of the disease. Thus, while progression to AI in xenografts was associated with an increase in IGF-IR mRNA (Nickerson et al., 2001) , expression levels were higher in the benign prostate epithelial cell line P69, compared to its metastatic derivative, the M12 line (Damon et al., 2001 ). In addition, while IGF-IR mRNA levels were shown to be reduced in bone marrow metastases (Chott et al., 1999) , other reports showed a persistent IGF-IR expression in prostate metastases (Hellawell et al., 2002) . These seemingly paradoxical results may reflect the ability of IGF-IR to mediate both differentiative and proliferative effects. Two important features in the progression of prostate cancer from an organ-confined to a metastatic disease are the dysregulation of AR-regulated targets and a change in IGF-IR levels (Kaplan et al., 1999; Tennant et al., 1996) . Although these changes could be considered independent epigenetic phenomena, evidence indicates that there is a relationship between IGF-IR signaling and AR action (Lin et al., 2001) . Prostate cancer-associated alterations of AR function, including AR gene amplifications, mutations, altered interaction with coactivators, and ligand-independent AR activation by growth factors, may contribute to cancer progression (Gelmann, 2002; Grossmann et al., 2001; Shi et al., 2002; Veldscholte et al., 1990) . However, while AR mutations were correlated with cancer progression in humans (Gelmann, 2002; Grossmann et al., 2001; Shi et al., 2002) and transgenic mice (Han et al., 2005) , the functional impact of these changes is not clear.
In initial experiments we showed that basal and pIGF-IR levels progressively decrease as prostate cancer cells become more tumorigenic and metastatic. Next, we showed that wt AR transfection followed by DHT treatment increased IGF-IR promoter activity in P69 and M12 cells, whereas mutant ARs are impaired in this respect. ChIP analysis showed enhanced AR binding to the IGF-IR promoter in AR-overexpressing M12 cells. To examine the differential regulation of the endogenous IGF-IR gene by wt or mutant AR, M12 cells were stably transfected with vectors encoding wt AR or one of two different mutated versions (AR-T857A and AR-E231G). Western blots showed that wt AR enhanced IGF-IR levels in tumorigenic M12 cells while mutant AR had no effect. In addition, we showed by IP that wt AR-overexpressing cells had increased pIGF-IR levels, while AR mutants are unable to activate the IGF-IR. Finally, proliferation assays indicate that wt AR-overexpressing cells consistently displayed an enhanced proliferation rate. No significant enhancements in proliferation were seen in AR-T857A-or AR-E231G-overexpressing M12 cells.
Our prostate cancer xenografts data shows that following castration and return of the lethal castrate resistant tumor (lethal phenotype), there has been a significant increase in AR expression. These data are consistent with those of Chen et al. (2004) and Scher and Sawyers (2005) indicating that increased AR expression following castration is associated with, if not responsible for, cancer progression. Furthermore, data are also consistent with the decrease in IGF-IR expression that occurs following castration. When viewed in the light of the data with mutant receptors as well as the effects of transfection of wt AR without added DHT, it would appear that the AR alone suppresses IGF-IR expression in the absence of ligand, manifest clinically as the postcastration recurrence. However, when enough ligand is available to occupy the AR, IGF-IR expression is stimulated.
Since prostate cancer rarely develops in the absence of androgens, it is assumed that androgens are at least permissive in the transformation process. However, AR expression is necessary for the development of the normal luminal prostate epithelium. Tennant et al. (1996) suggested that maintaining a certain level of IGF-IR may be necessary for normal differentiation, whereas increased levels may be required for epithelial transformation, and decreased expression may be required for malignant progression. This concept has been corroborated by the observation that reexpression of IGF-IR in xenografts is associated with a decrease in tumor metastases and an increase in apoptosis (Plymate et al., 1997) .
In the presence or possibly absence of androgens, AR translocates from the cytosol to the nucleus and functions as a transcription factor, which may be necessary or even crucial for cancer progression (Scher and Sawyers, 2005) . Classically, in the absence of androgens, AR remains in the cytosol and is not active (Wu et al., 2006b) . Our results are consistent with a report (Pandini et al., 2005) showing that wt AR enhanced IGF-IR transcription in prostate cells in the presence of ligand, though the mechanism described in this report was a non-genomic one. In our work we showed that impaired AR function as a result of mutation alters the ability of AR to regulate IGF-IR expression. In the absence of a functional AR, IGF-IR levels are decreased and the tumor becomes more aggressive. Our hypothesis is supported by a study (Moehren et al., 2008) which suggested that wt AR inhibits expression of the telomerase reverse transcriptase (hTERT) via inhibition of hTERT promoter activity in the presence of AR agonists, which is indicative of a protective mechanism. On the other hand, the T877A mutant not only broadens the ligand spectrum of the receptor but also abrogates this inhibitory mechanism. In addition, somatic AR mutations have been found in only 2% of patients with localized prostate cancer (Marcelli et al., 2000) , but the frequency of mutations seems to increase with stage, being the highest in metastatic disease. In addition, a study by Sun et al. (2006) supports the causal link of the AR-T877A mutation to prostate cancer progression by showing that this mutation conferred increased cell growth.
The data presented here also help address the issue of decreased IGF-IR expression in prostate cancer progression in the presence of increased AR. For example, in non-castrate AD prostate cancer, AR functions in a ligand-bound state and the AR is not mutated. Therefore, as we show, AR enhances IGF-IR expression. However, as prostate cancer progresses following castration, mutations occur in the AR, splice variants in the ligand-binding domain increase, and unligated AR are increased. Each of these three states decreases IGF-IR expression. Since the IGF-IR is necessary for prostate epithelial cell differentiation (Sutherland et al., 2008) , it is plausible that the AR-induced down regulation of IGF-IR leads to further tumor dedifferentiation and cancer progression. However, these data do not contradict the role of IGF-IR in counteracting the effects of chemotherapeutic agents and castration induced apoptosis and its potential role as a therapeutic target (Plymate et al., 2007; Wu et al., 2006b ). In summary, in this work we provide evidence that an active wt AR enhanced IGF-IR transcription in prostate cancer cells via a mechanism that involves binding to the IGF-IR promoter and requires ligand binding, while AR mutations and splice variants alter the ability of the mutated protein to regulate IGF-IR expression. Our results suggest that progression from early to advanced stage disease is associated with a decrease in IGF-IR expression which could be the result of impairment in the ability of AR to induce IGF-IR levels.
